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Abstract 
 Sustainability is a cornerstone of today’s engineering world.  Warm mix asphalt (WMA) and 
reclaimed asphalt pavement (RAP) are the most prominent sustainable materials in asphalt concrete 
pavements.  WMA is a not a new concept, however new innovations and increased usage of WMA has 
been spurred by the increased focus on sustainable infrastructure systems.  WMA enables reduced 
production temperatures through the use of wax, water, or other chemical packages.  The effects of 
reduced production temperatures include fuel use and emissions reductions, improved compaction, and 
possible RAP concentration increases.  RAP is the primary recycled product of the aged asphalt concrete 
pavements and its use leads to reductions in virgin aggregate and asphalt demand.  However, significant 
performance issues can stem from the individual integration of WMA or RAP materials in asphalt 
concrete.  In particular, WMA technologies can increase moisture and rutting susceptibility while RAP 
significantly increases the stiffness of the resulting mixture.  Consequently, quality performance of 
sustainable asphalt pavements may require the combined use of WMA and RAP to produce mixtures with 
sufficient stiffness and moisture and fracture resistance. 
 This study evaluates the potential of WMA technologies and their integration with RAP.  
Initially, an extensive literature review was completed to understand the advantages, disadvantages, and 
past field and lab performance of WMA and RAP mixtures.  Rotational viscometer and bending beam 
rheometer tests were then used to evaluate Sasobit, Evotherm M1, and Advera WMA modified and 
unmodified binders.  Finally, virgin and 45% RAP mixtures were designed and tested to examine the 
rutting, moisture, and fracture resistance of WMA and HMA mixtures.   
The results of this experiment provided several key observations.  First, viscosity reductions may 
not be the primary cause for the availability of reduced production temperatures for WMA technologies.  
Second, WMA additive properties have a significant effect upon fracture, moisture, and rutting resistance.  
Furthermore, the addition of RAP to WMA mixtures improved the rutting and moisture sensitivity 
performance as characterized in the Hamburg and Tensile Strength Ratio testing procedures. 
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Chapter 1:  Introduction 
 
 One of today’s most important societal concepts is sustainability.  This ideal can be described as 
meeting the requirements of today’s society without reducing the ability of future generations to meet 
their needs.  Sustainability’s broad arena stretches from economics to agriculture to construction.   
Specifically within construction, sustainability is met through the reduction of emissions, virgin material 
use, and energy consumption (1).  Asphalt concrete producers have begun to evaluate sustainable 
construction practices by adding recycled materials and utilizing new technologies (1).  Therefore, asphalt 
concrete sustainability in today’s society is most readily met through the use of warm mix asphalt 
(WMA) and reclaimed asphalt pavement (RAP). 
1.1 Warm Mix Asphalt 
Warm mix asphalt (WMA) is a rapidly expanding form of asphalt concrete, although it is 
somewhat akin to cold mix and warm mix approaches that have been available for decades.  It differs 
from hot mix asphalt (HMA) only in the production temperatures required to meet appropriate standards 
of mixing and densification.  Figure 1 displays the various production temperatures required by the four 
common types of asphalt concrete (1).  (Half-warm and cold mixtures will not be discussed in this 
document.)  As shown, WMA is generally produced 35-550F (20-300C) less than HMA (1).  However, 
several forms of WMA may allow an additional 20-400F reduction in production temperatures. 
 
Figure 1.  Production Temperatures of Asphalt Concrete (0F) (1) 
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The production temperature changes generally lead to sustainability improvements via reduced fuel 
consumption and emissions production.  In this era of rising fuel prices, the use of WMA has the ability to 
reduce plant fuel use by 10-35% (2).  In addition, as dangerous gaseous emissions such as sulfur dioxide, 
nitrogen oxide, and carbon dioxide have been significantly regulated in developed nations, WMA in 
locations such as European nations have found emissions reductions of approximately 15-70%. 
Early WMA literature argued that the lessened production temperatures of WMA were caused by 
an altered binder viscosity-temperature relationship.  The viscosity at the production temperatures was 
thought to be reduced in order to allow improved mixing and compaction (1).  In fact, at many initial 
WMA demonstration locations mat densities increased significantly and permeability was reduced.  
Therefore, moisture sensitivity distresses such as stripping were thought to be partially alleviated by the 
improved densities. 
 WMA additives and processes can be differentiated into three distinct groups.  These groups 
include:  organic additives, chemical additives, and foaming processes and additives.  Organic additives 
involve the addition of wax materials which dissolve at temperatures below the mixing temperature.  As a 
result, the material enhances mixing in its liquid state and hardens after compaction to provide stability.   
Organic additives tend to improve rutting resistance and reduce fracture resistance of asphalt mixtures.  
Chemical additives include a variety of chemical packages from surfactants to pastilles.  These materials 
affect the surface bonding between the asphalt binder and aggregate and are most likely to improve 
fracture resistance and have the potential to increase rutting.  Foaming processes and additives use water 
to foam the asphalt binder and reduce its viscosity prior to or during the mixing period.  This group 
contains the largest variety of WMA methods and tends to increase the potential for permanent 
deformation and moisture sensitivity. 
 Finally, asphalt concrete users and producers generally consider the use of increased reclaimed 
asphalt concrete (RAP) percentages as an important side benefit of WMA (2).  The reduced production 
temperatures of WMA alleviate a considerable portion of the binder aging which occurs during the 
mixing process.  Therefore, the addition of a significant percentage of oxidized RAP would not 
theoretically increase the potential for significant early age cracking.  Research in this arena has been 
minimal to date and requires significant consideration to determine how WMA performance is affected by 
moderate to high percentages of RAP. 
1.2 Reclaimed Asphalt Pavement 
RAP is a product of asphalt pavement removal and is the primary recycled material used in 
asphalt concrete.  Milling machines break down the existing asphalt concrete pavement into discrete 
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particles as shown in Figure 2 to produce RAP.  According to Collins and Ciesielski (3), more than 100 
million tons of RAP are produced every year in the United States. 
 
Figure 2.  Reclaimed Asphalt Pavement (RAP) 
Fractionated RAP (FRAP) is produced to afford extra control over RAP particle size, mastic content, 
fines, and overall quality.  Specifically, the introduction of FRAP has allowed mix designers to meet 
Superpave mix design volumetric specifications more consistently (4). 
 The use of RAP in asphalt concrete adheres to the requirement of sustainable solutions in 
pavements because it is both environmentally friendly and cost effective.  Chiu et al. (2008) found that 
adding RAP to mixtures reduces the environmental impact of production by 23%.  Furthermore, RAP 
presents a significant material cost reduction (5).  Quality virgin aggregate material is becoming 
increasingly difficult to find and purchase.  Therefore, the use of RAP can offset costs and allow state and 
federal agencies to rehabilitate more roadways with similar budget capacities. 
 The addition of RAP to asphalt mixtures is generally limited to a 10-30% range.  State agencies 
such as the Illinois Department of Transportation allow up to 30% RAP in binder and surface mixtures 
depending upon the traffic level present on a given roadway (6).  As stated previously, RAP is usually 
considered to be a stiff material primarily due to the oxidative hardening and other aging mechanisms it 
undergoes while exposed to the environment during its service life.  Consequently, the increased stiffness 
in RAP may lead to various forms of cracking failures which deter producers and state agencies from 
further increasing RAP allowance (7). 
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1.3 Problem Statement 
WMA and RAP present their own individual benefits and costs.  WMA has the ability to reduce 
production costs and environmental impacts by reducing fuel consumption and emissions production.  
Furthermore, certain types of WMA additives or processes have the ability to improve permanent 
deformation resistance, fracture resistance, and moisture sensitivity.  However, this new technology’s 
reduction in production temperatures has the potential to reduce material durability, or possibly increase 
it.  The use of RAP can also reduce costs and ecological production effects by utilizing a recycled 
material.  However, the increased stiffness of RAP asphalt binder as compared to HMA and WMA 
asphalt binder could be problematic if it is used excessively.  Therefore, neither WMA nor RAP may be 
effectively used on an individual basis. 
As stated previously, the combination of WMA and moderate to high percentages of RAP has not 
been studied in great detail.  The coupling of WMA and RAP may produce quality performance from a 
hypothetical standpoint.  However, the interaction between these two sustainable approaches is quite 
complicated due to the effects of virgin and RAP binder interaction and the influences of different types 
of WMA technologies.  Therefore, evaluations such as those utilizing laboratory performance testing are 
critically needed to evaluate WMA mixtures containing RAP. 
1.4 Objectives 
The objectives of this thesis are: 
1. To complete a thorough review of WMA, RAP, and RAP WMA literature. 
2. To identify three WMA additives which encompass the breadth of WMA technologies and to 
evaluate their effects on unmodified asphalt binder. 
3. To design virgin and high RAP HMA mixtures which satisfy Superpave mix design criteria. 
4. To evaluate the performance of these virgin and high RAP HMA and WMA mixtures via 
performance tests at low, intermediate, and high temperatures. 
1.5 Scope of Study 
A comprehensive literature review of WMA and RAP asphalt concrete mixtures was completed 
to evaluate the primary benefits and distresses found with each material.  Then, using the literature review 
findings, three WMA additives, Sasobit, Advera, and Evotherm M1, were chosen in order to evaluate the 
performance of the organic additive, chemical additive, and foaming additive WMA categories.  These 
WMA additives were added to unmodified PG64-22 asphalt binder to evaluate the low and high 
temperature properties of the WMA binders using the Brookfield rotary viscometer and bending beam 
rheometer.  Afterward, Superpave and Illinois Department of Transportation (IDOT) mix design methods 
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were used to design virgin and high RAP HMA mixtures at the chosen HMA production temperatures.  
Identical virgin and high RAP WMA mixtures were produced at the WMA production temperatures to 
effectively evaluate the WMA mixtures in comparison with a control HMA mixture.  Finally, the WMA 
and HMA mixtures were evaluated using the Hamburg Wheel Tracking device (AASHTO T-324), 
AASHTO T-283 moisture sensitivity test, and the disk-shaped compact tension (DC(T)) test (ASTM 
D7313-07).  Finally, conclusions were made and recommendations for further research were presented. 
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Chapter 2:  Literature Review 
2.1 Warm Mix Asphalt Origin, Advantages, and Disadvantages 
 European asphalt producers launched WMA in 1995 using the Aspha-min product (chemical 
additive) in anticipation of future greenhouse gas emissions restrictions.  In 1997, the Kyoto Protocol set 
targets on greenhouse gases, such as CO2, for the primary industrialized nations worldwide (2).  As a 
result, the German Bitumen Forum proposed production temperature reductions to asphalt concrete 
mixtures.  Over the next five years, products such as Sasobit (organic additive) and WAM Foam (foaming 
process) were introduced in Germany and Norway.  United States asphalt officials began to take notice of 
these products and took a European WMA tour in 2002.  In 2005, the WMA Technical Working Group 
was created to introduce these technologies to U.S. asphalt producers and develop preliminary 
specifications for the allowance of WMA (2).  Finally, field trials were conducted over the next few years 
in many states, NCAT published laboratory results for a number of technologies, and the first WMA 
International Conference was conducted. 
 There are numerous advantages to the use of WMA.  First, fuel consumption and emissions are 
reduced by WMA use.  As stated previously, WMA projects have reported fuel savings between 10 and 
35% because fuel usage has the ability to decrease 2-3% for every 100F drop in mixing temperature (8).  
However, these statistics require significant assumptions in issues such as moisture in the aggregate, type 
of fuel, and dryer exhaust temperature.  Therefore, consideration must be given to these factors to 
significantly reduce fuel use.  Emissions reductions are also significantly affected by the use of WMA 
technologies.  Harmful gaseous emissions such as CO2, SO2, volatile organic compounds (VOCs), CO, 
and NOx have been significantly decreased (15-70%) in locations such as Norway, Italy, Netherlands, 
France, and Canada (2).  This is important because asphalt plants in areas which do not meet air quality 
standards have been generally shut down during daytime hours to avoid emissions production.  The 
reductions in emissions would likely allow these plants to avoid closure during typical paving hours (9). 
 Late season paving, improved working conditions, and increased RAP usage are additional 
benefits presented by the use of WMA.  The increase in paving season length occurs because WMA 
technologies have been found to be compacted at lower temperatures.  Lower compaction temperatures 
are primarily caused by a reduced cooling rate because the temperature differential between compaction 
and ambient temperatures is reduced.  In fact, locations in Europe were compacted properly at 
temperatures as low as -30F (1).  Working conditions are improved by the use of WMA technologies.  
Figure 3 displays the reduced amount of gaseous emissions at the placement location on a roadway.  
Several projects have shown that air quality was significantly improved by the use of WMA (2).  
Therefore, workers should have their quality of life enhanced.  Finally, possible increases in RAP use 
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may be available with WMA technologies.  As stated previously, reduced production temperatures reduce 
asphalt binder aging.  Therefore, the stiffening effects of the mixing process are likely reduced and the 
addition of RAP could improve the permanent deformation resistance of the mixtures during their early 
service lives. 
 
        
Figure 3. (a) HMA Placement (b) WMA Placement (10) 
 A number of possible disadvantages occur with the use of WMA as well.  First, long-term 
pavement performance results are not available for WMA sections.  As a result, predictive models are the 
only means to describe the performance of WMA over the long term and these models are not always 
accurate and require significant calibration.  However, calibration cannot be completed successfully 
without some type of long-term results.  Therefore, a cyclical loop is created and it produces questions 
regarding the true long-term performance of WMA sections.  The large number of WMA technologies 
cause difficulty in creating specifications for WMA use in roadway and airfield pavements.  To date, over 
20 WMA technologies are in production worldwide and each one produces slightly different performance.  
Therefore, specifications regarding mixture volumetrics only may not provide enough assurance of 
quality and performance specifications may be necessary.  Finally, laboratory performance tests of several 
WMA technologies have found significant issues with rutting resistance and moisture sensitivity (11,12).  
Therefore, additional laboratory testing and correlation to field performance must occur. 
2.2 WMA Technologies 
 WMA technologies can be broken into three different categories.  The first group includes 
organic additives and is comprised of technologies such as Sasobit, Asphaltan B, and Licomont BS 100.  
Sasobit is a synthetic paraffin wax material produced through via the Fischer-Tropsch method (13).  This 
additive is generally supplied in a pellet, shown in Figure 4, or flake form and is added at a rate of 0.8 to 
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3.0% by mass of the asphalt binder.  Asphalt producers supply the Sasobit to the asphalt binder through a 
fan system or a RAP collar.  Sasobit is considered a viscosity enhancer because it reduces the viscosity of 
asphalt binder at temperatures above the Sasobit melting temperature of 1000C (13).  Temperature 
reductions of 20-300C are found using this additive. 
 
Figure 4.  Sasobit Pellets 
Asphaltan B and Licomont BS 100 are not significantly used in U.S. WMA applications.  Asphaltan B is 
a montan (esterified) wax.  It is also available in a pellet form and melts at a temperature slightly lower 
than Sasobit due to its lower molecular weight (14).  Similar to Sasobit, Asphaltan B is generally blown 
into the asphalt binder and allows temperature reductions between 20 and 300C.  However, the dosage 
rate is slightly higher than Sasobit at a rate of 2-4% by weight of the asphalt binder.  Licomont BS 100 is 
a fatty acid amide which is added at a rate of approximately 3.0% by weight of the binder (14).  This 
organic additive acts as a viscosity enhancer is available in a powder or granular form.  Furthermore, the 
melting point of Licomont BS 100 differs significantly from the wax additives because it melts 
approximately 1450C.  The U.S. performance of organic additives has largely been relegated to the 
discussion of Sasobit.  Researchers in Texas and Alabama have found that Sasobit clearly reduces the 
viscosity of the asphalt binder at temperatures above the Sasobit melting point (15, 16).  They have also 
found that rutting resistance is maintained or improved through the use of this organic additive.  However, 
performance distress such as cracking may become a significant issue.  This occurs because wax tends to 
stiffen the material at ambient temperatures which reduces the fracture resistance of the asphalt mixtures. 
 Chemical additives represent the second major group of WMA technologies.  Additives such as 
Rediset WMX and Evotherm comprise this category in the United States.  Rediset WMX, which is shown 
in Figure 5, is an additive available in the pastille form which combines surfactants and organic matter 
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(17).  Generally, asphalt producers add 1to 2% Rediset WMX by weight of the asphalt binder in order to 
reduce production temperatures by approximately 300C. 
 
Figure 5.  Rediset WMX Pastilles. (17) 
Evotherm chemical additives are the most significantly used WMA chemical additives and are delivered 
in three different forms (18).  Evotherm ET and DAT are water-based additives while Evotherm 3G is a 
non-water based additive.  The ET form completely replaces the asphalt binder at an asphalt plant because 
it contains 70% asphalt residue and reduces production temperatures by greater 550C.  Evotherm DAT 
requires an injection line in order to be added to the asphalt binder as it travels to the mixing drum.  The 
DAT form reduces temperatures by approximately 100C less than Evotherm ET, but allows the plant more 
flexibility in quickly switching from WMA to HMA production.  The final form of Evotherm, 3G, is the 
newest type and reduces production temperatures by 33-450C.  Its lack of water has shown significant 
promise because residual moisture is not available to cause moisture damage.  Performance of chemical 
additives in the United States has generally been completed on Evotherm.  Research has found that 
Evotherm may be significantly susceptible to permanent deformation and moisture damage (11).  
However, National Center for Asphalt Technology (NCAT) researchers determined that the Evotherm 
chemical package can be altered depending on the aggregate composition to avoid moisture damage 
distresses. 
 The final group of WMA technologies includes foaming additives and processes.  This category 
has the largest variety of manufacturers and can be broken down into additive and process sub-categories.  
The additive sub-category includes Advera WMA and Aspha-min.  Both of these additives are comprised 
of synthetic zeolites.  Zeolites are alumino-silicates of alkali metals which containing approximately 20% 
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water by weight (12).  At approximately 1000C, the outer membrane of the additive breaks down to 
release the water to foam the asphalt binder.  Generally, Advera and Aspha-min, shown in Figure 6, are 
added at a rate 0.2-0.3% by weight of the total mixture.  Therefore, unlike the organic and chemical 
additives, the addition rate is dependent upon the total asphalt content of the mixture.  NCAT researchers 
completed a laboratory study of Aspha-min in 2005.  Researchers determined that Aspha-min displayed 
issues with moisture sensitivity in comparison with the control HMA mixtures (12).  In addition, as 
production temperatures decreased, rutting resistance was reduced.  Furthermore, a field trial section was 
placed in Orlando, FL to study the performance over a one year period.  NCAT researchers determined 
that moisture sensitivity was not a significant problem for the Aspha-min during the year ending 
evaluation. 
 
Figure 6.  Aspha-min Zeolite. 
 Foaming processes include the Astec Double Barrel Green, Maxam Aquablack, Gencor 
Ultrafoam GX, and WAM Foam technologies.  The Double Barrel Green, Ultrafoam GX, and Aquablack 
processes require the use of nozzle(s) to spray a chosen amount of water into the asphalt binder to foam it 
and sufficiently reduce its viscosity prior to mixing with the heated aggregates.  The Double Barrel Green 
technology, shown in Figure 7, requires a multi-nozzle attachment to inject approximately 1.0lbs of water 
per ton of mixture.  According to the manufacturer (19), this system causes the asphalt binder to expand 
up to 18 times its original volume which transforms the viscosity-temperature relationship of the asphalt 
binder and provides 20-300C production temperature reductions.  In terms of performance, Middleton and 
Forfylow (2009) included up to 50% RAP in WMA mixtures produced via the Double Barrel Green and 
determined that both moisture sensitivity and rutting resistance were improved in comparison with a 
virgin Double Barrel Green WMA (20). 
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Figure 7.  Astec Double Barrel Green Foaming Drum. 
The Aquablack and Ultrafoam GX systems require a single foaming nozzle.  Similar to the Double Barrel 
Green technology, production temperatures are reduced by approximately 20-300C.  Water is introduced 
via the nozzle to foam the asphalt binder through micro-bubble technology (21).  According to the 
producers, the reduced sizes of the bubbles allow entrainment throughout the mixture to enhance 
uniformity.  These bubbles are subsequently released during the compaction process.  NCAT researchers 
evaluated the Ultrafoam GX machine in 2010.  They found that moisture sensitivity increased 
significantly and rutting resistance was reduced slightly through the use of this technology (22).  The 
moisture introduced during the foaming process may not have been completely removed during 
compaction which produced unfavorable results in the AASHTO T-283 moisture susceptibility and 
AASHTO T-324 Hamburg Wheel Tracking tests.  Consequently, NCAT researchers came to the 
conclusion that anti-stripping agent should be added to mixtures produced using the Ultrafoam GX.  The 
WAM Foam technology requires several steps and two asphalt binders to produce WMA mixtures.  The 
two asphalt binders include a softer grade (20-30% of total binder weight) and stiffer grade.  The process 
begins when the aggregate fraction is heated to the chosen mixing temperature (1).  Then, the softer 
asphalt is added to aggregate and the harder asphalt binder is foamed at a rate of 1.6lbs of water per ton of 
mixture.  Finally, the foamed asphalt binder is added to the softer binder and aggregate in the mixing 
drum.  This process allows a significantly larger reduction in production temperatures as compared to the 
other foaming technologies.  However, the process and requirement of two different asphalt binder grades 
causes additional asphalt lines and foaming compartments to be effective. 
2.3 Reclaimed Asphalt Pavement Origin, Advantages, and Disadvantages 
 RAP is a beneficial alternative to virgin aggregates economically and environmentally.  This 
recycling product is created through the use of a milling machine similar to that shown in Figure 8.  
Milling machines grind the aged and distressed asphalt pavement into virgin aggregate size particles 
through the use of system of blades that continuously cut the material.  As shown in Figure 8, RAP is 
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dumped into a trailer via a conveyer belt on the milling machine.  Once the trailer is filled, the material is 
taken back to an asphalt plant. 
 
Figure 8.  Asphalt Milling Machine and Dump Trailer 
Primarily, RAP was often left in an unfractionated state at the asphalt plant.  However, the fractionation 
of RAP has become the acceptable practice in order to incorporate RAP without significantly affecting 
mix design volumetric properties (4).  Figure 9 displays the use of fractionation to produce two or more 
piles of RAP. 
 
Figure 9.  Fractionated RAP Stockpiles 
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 RAP presents several advantages to the asphalt pavement community.  First, as previously stated 
this material is generally cost effective and environmentally friendly.  According to Kandhal and Mallick 
(1997), the use of 20-50% of this recycled material can save up to 34% of the total cost (23).  This 
reduction in cost is associated with a reduction in asphalt binder use, virgin material cost, and virgin 
material transportation.  Furthermore, RAP is advantageous due to its environmental impact.  As stated 
previously, Chiu et al. (2008) found a 23% reduction in eco-burden due to the reduced amount of asphalt 
binder required and the amount of energy required to heat the materials (5).  RAP generally supplies a 
significant amount of asphalt binder which can interact and coat the virgin aggregate material.  Pavement 
performance has the potential to be improved by the use RAP as well.  The relative stiffness of the RAP 
material can improve performance in the area of permanent deformation.  At locations such as 
intersections, PG binder grades are generally increased to avoid rutting issues.  However, according to 
NCHRP Project Report 9-12 (24), the use of RAP may inherently increase the binder grade of the asphalt 
mixture.  Therefore, the addition of RAP has the potential to create a rut resistant mixture. 
 Disadvantages arise with the use of RAP as well.  RAP is an inherently stiff material due to the 
oxidizing effect of sunlight and the atmosphere.  According to Xiao et al. (2007), the presence of as little 
as 15% RAP has the ability to significantly stiffen an asphalt mixture.  Wagoner et al. (2005) found that 
the fracture resistance of asphalt mixtures was reduced through the use of an increased asphalt grade (25).  
Consequently, the addition of RAP, according to NCHRP 9-12, increases the PG grade of the asphalt 
binder.  Therefore, the increased stiffness increases the brittle nature of the asphalt concrete and the 
probability of brittle failure at low temperatures.  Variability among RAP stockpiles is also a significant 
issue.  Dave (2003) studied the recovered asphalt binder of 16 different RAP stockpiles in Illinois through 
the use of the Dynamic Shear Rheometer (26).  The complex modulus, G*, of each RAP stockpile was 
calculated and they found that the complex moduli differed significantly.  Therefore, RAP stockpiles must 
be considered on a case-by-case basis because the stiffness of a given RAP stockpile may require 
different considerations from a stockpile in a different location. 
2.4 RAP – Black Rock vs. Total Blending 
 An important consideration in HMA and WMA mixture design is the interaction of RAP and 
virgin asphalt binder.  RAP mixture designs require assumptions regarding the percentage of binder 
interaction, but there has been no definitive answer to this question.  The black rock concept assumes that 
the RAP binder does not interact at all with the virgin asphalt binder (24).  As a result, the asphalt mixture 
behaves similar to that of a completely virgin mixture and the full amount of virgin asphalt binder must be 
added to reach the chosen binder content.  On the other hand, the total blending concept assumes that the 
RAP binder completely interacts with the virgin asphalt binder (24).  Consequently, the asphalt mixture 
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behaves as a hybrid between a completely virgin and completely recycled mixture.  In addition, a 
percentage of the virgin asphalt binder can be subtracted from the total content because the binders 
interact 100%.  NCHRP Report 9-12 determined that low percentages of RAP such as 15% behave 
differently when either the black rock or total blending concepts were adopted (24).  However, at 40% 
RAP, researchers found that the mixture behaves significantly different from both concepts.  As a result, a 
certain percentage of the RAP binder must interact while the other does not.  As stated above, the binder 
interaction is significant with the use of WMA technologies.  WMA mixtures are generally less stiff 
initially due to the lessened aging effect of the reduced production temperatures.  Consequently, as RAP 
percentages are increased, the percentage of binder interaction must be assumed.  If the RAP binder does 
not interact, rutting resistance becomes a significant issue and may require modified asphalt binder to 
reduce permanent deformation issues. 
2.5 WMA and RAP Research to Date 
 This thesis presents the topic of RAP WMA mixtures and their performance viability.  
Consequently, the literature review included a scan of past work that included the presence of WMA and 
RAP mixtures.  Several WMA and RAP research papers have been produced to date.  Two significant 
papers include:  Mallick et al. (2008) and Middleton and Forfylow (2009).  Mallick et al. examined the 
effects of using Sasobit, high RAP levels, and grade bumping (27).  This research included HMA PG 64-
28, HMA and RAP PG 52-28, WMA and RAP PG 52-28, and WMA and RAP PG 42-42 mixtures.  
Mixing temperatures were 125 and 1500C and all RAP mixtures were composed of 75% RAP.  The 
research team chose to test the mixtures via in-direct tension and asphalt pavement analyzer (APA) rut 
tests.  The testing results produced several key findings.  First, Sasobit had a significant stiffening effect 
upon the indirect tensile strength of the asphalt mixtures.  This result validated the hypothesis that wax 
additives have a tendency to stiffen asphalt concrete mixtures at low temperatures.  Next, the presence of 
75% RAP did not offset the effect of adding a softer virgin asphalt binder in terms of indirect tensile 
strength.  The HMA PG 64-28 mixture with no additional RAP was significantly stiffer than the HMA 
and RAP PG 52-28 mixture.  Therefore, a total blending assumption is not a substantial claim with the 
presence of 75% RAP.  Finally, due to the theorized stiffening effect of wax additives, Sasobit WMA 
mixtures would likely display lesser APA rut depths.  However, the addition of Sasobit to the asphalt 
binder did not improve the rutting resistance of the WMA and RAP PG 52-28 mixture in comparison with 
the HMA and RAP PG 52-28 mixture. 
 Middleton and Forfylow (2009) completed WMA and RAP mixture research using the Double 
Barrel Green foaming process (21).  The asphalt binder, an 80/100A penetration grade, was kept constant 
throughout testing irrespective of the recycled material content.  Researchers produced foamed virgin, 
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15% RAP foamed, and 50% RAP foamed mixtures and tested them using the APA rut and AASHTO T-
283 TSR tests among others.  The APA rut depth results in dry and wet conditions did not determine 
significant rutting resistance issues in any of the mixtures.  As a result, the softer WMA did not increase 
permanent deformation and the presence of RAP did not significantly stiffen the mixtures and improve 
rutting resistance.  The moisture sensitivity test results provided several key conclusions.  Middleton and 
Forfylow determined that as RAP percentages increased, the TSR results increased as well.  
Consequently, the presence of RAP may have stiffened the material and lead to improved moisture 
resistance.  Furthermore, the presence of RAP increased the TSR from a failing percentage to a passing 
percentage. (An 80% TSR rating indicates a passing result.)  Therefore, RAP may be an integral part of 
WMA mixtures in order to satisfy moisture sensitivity requirements. 
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Chapter 3 – Experimentation 
 This chapter describes the binder and mixture testing plan completed during the project.  
Furthermore, the materials required and used during the project are described in Chapter 3 as well.  Virgin 
and RAP mix designs are discussed in detail and final volumetric properties are explained.  Finally, the 
binder and mixture performance tests are described in the context of this experiment. 
3.1 Testing Suite 
The testing plan for this study was conducted in two phases.  First, asphalt binder testing was 
completed to evaluate the viscosity-temperature profiles and the low temperature behavior of the 
unmodified and WMA additive modified materials.  Figure 10 displays a schematic of the asphalt binder 
testing plan. 
 
 
 
 
 
 
 
 
 
 
 
 
Sasobit, Advera, and Evotherm M1 were selected as the three candidate WMA technologies.  All 
percentages of WMA technologies were added at rates within the specified manufacturer tolerances.  Two 
rates were selected for both Sasobit and Advera while one rate was chosen for Evotherm M1.  The WMA 
technologies were chosen based upon the literature review of potential options.  In the end, additives were 
preferred over other technologies such as foaming processes for several reasons. First, additives are 
significantly easier to mix and produce uniform modified asphalt binder.  Next, laboratory foaming 
devices were not available at the onset of the study.  Finally, additives are available in each WMA 
category in order to fully encompass the available technologies. 
 The second phase of the testing suite included mixture performance tests.  As stated previously, 
these performance tests included AASHTO T-283 TSR, AASHTO T-324 Hamburg Wheel Tracking, and 
ASTM D73713-07 DC(T) tests to evaluate the moisture sensitivity, rutting resistance, and fracture 
Unmodified 
PG 64-22 
WMA Modified 
PG 64-22 
Rotational 
Viscometer 
Bending Beam 
Rheometer 
RTFO Short-
Term Aging 
Figure 10.  Asphalt Binder Testing Plan 
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resistance of the asphalt mixtures.  As shown in Figure 11, virgin and 45% RAP mixtures were produced 
for the control HMA and each of the three WMA additive mixtures. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Mixing and compaction temperatures were chosen based upon the RV testing results.  According to the 
Asphalt Institute Superpave mix design method (28), the mixing temperature range occurs with 
viscosities between 0.15 and 0.19 Pa-s and the compaction temperature range occurs with viscosities 
between 0.25 and 0.31 Pa-s.  Consequently, mixing and compacting temperatures of 1600C and 1500C, 
respectively, were selected.  The production temperature reduction chosen for the WMA technologies was 
250C.  This value was selected because it was within the acceptable range for each of the WMA additives.  
The mixing and compaction temperatures of the WMA mixtures were 135 and 1250C, respectively.  The 
RAP percentage was chosen as a multiple of the maximum RAP levels according to IDOT RAP 
allowance table.  IDOT does not allow more than 30% RAP in a surface mixture so a RAP content of 
45% or 1.5 times the 30% maximum was selected.  Further discussion of the RAP material will be 
provided in section 3.2. 
3.2 Materials 
 The materials in this study included asphalt binder, RAP, and aggregate.  The asphalt binder was 
supplied by Emulsicoat, LLC which is a local asphalt binder producer.  The following characteristics in 
Table 1 were provided for the asphalt binder.  PG 64-22 asphalt binder was chosen for this project 
because central Illinois environmental conditions require the use of this grade of binder.  As stated 
previously, the percentage additions of the WMA additives were selected based upon the manufacturer’s 
HMA WMA 
Virgin 
Mix 
AASHTO T-283 
Mixture Performance Tests 
Virgin 
Mix 
45% RAP 
Mix 
45% RAP 
Mix 
Hamburg WTD DC(T) 
Figure 11.  Mixture Testing Suite 
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recommendation.  Consequently, 3.0% Sasobit and 0.5% Evotherm were added by weight of the asphalt 
binder while 0.25% Advera was supplied by weight of the total mixture. 
Table 1 - Asphalt Binder Properties 
Test PG 64-22 
Specific Gravity (15.60C) 1.036 
Viscosity, (1350C, Pa-s) 0.412 
Creep Stiffness (-120C, MPa) 192.0 
m-Value (-120C) 0.314 
G*/sinδ (640C, Tank, kPa) 1.305 
G*/sinδ (640C, RTFO, kPa) 3.094 
G*sinδ (250C, PAV, kPa) 4296 
 
 The aggregate used in this study included CM16, FM20, FM02, and mineral filler.  This 
aggregate combination was chosen in order to produce a 9.5mm NMAS surface mixture.  The CM16 and 
FM20 materials were dolomitic limestone coarse and manufactured fine aggregates from Kankakee, IL 
with average gradations as shown in Table 2.  Furthermore, the FM02 aggregate was a natural fine 
aggregate with an average gradation shown in Table 2.  The mineral filler gradation is shown in Table 2 
as well. 
Table 2 - Aggregate Gradations 
Aggregate Avg. CM16 Avg. FM20 Avg. FM02 MF 
% Passing Sieve 
1" (25.0 mm) 100.0 100.0 100.0 100.0 
3/4" (19.0 mm) 100.0 100.0 100.0 100.0 
1/2" (12.5 mm) 99.7 100.0 100.0 100.0 
3/8" (9.5 mm) 96.5 100.0 100.0 100.0 
1/4" (6.25mm) 63.3 99.9 100.0 100.0 
No. 4 (4.75 mm) 37.6 99.2 99.8 100.0 
No. 8 (2.36 mm) 7.6 77.5 90.2 100.0 
No. 16 (1.18 mm) 3.6 45.6 65.6 100.0 
No. 30 (600 µm) 2.8 25.8 40.4 100.0 
No. 50 (300 µm) 2.5 15.6 12.5 100.0 
No. 100 (150 µm) 2.4 11.3 2.6 95.0 
No. 200 (75 µm) 2.2 8.5 1.4 90.0 
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The sands differed significantly from one another upon reaching the No. 200 sieve.  This difference 
created volumetric issues within the mix design portion of this study and lead to increased dust to percent 
effective asphalt proportions. 
 The RAP material was collected from the Open Road Paving, LLC in Urbana, IL.  This material 
was chosen over other RAP stockpiles because it originated from an unmodified IL Rte. 72 mixture.  
Open Road Paving fractionated the RAP into two stockpiles of 3/8” retained and passing material.  The 
RAP used in this study included only the 3/8” passing material in order to produce a surface mixture.  The 
apparent and actual RAP gradations are presented in Table 3.  Apparent RAP gradation represents the 
gradation of the material coated with asphalt binder and includes agglomerated particles.  It was 
calculated by determining the total mass of RAP retained on the 3/8”, #4, 8, and 30 sieves.  Then, RAP 
extractions were completed on a representative sample of the RAP and were used to calculate the binder 
content of the 3/8” passing RAP and the true gradation of the material.  As shown in Table 3, the true and 
apparent gradations were significantly different.  This occurred because the agglomerations present in the 
apparent gradations are broken down during the extraction process to produce a significantly higher 
percentage of fine material.  Finally, the asphalt binder content was verified by IDOT.  At the University 
of Illinois transportation research facility, the passing 3/8” RAP material was found to have 5.4% asphalt 
binder content while IDOT calculated 5.5% binder content in the same material. 
Table 3 - RAP Gradations 
Sieve Sizes True Apparent 
1" (25.0 mm) 100.0 100.0 
3/4" (19.0 mm) 100.0 100.0 
1/2" (12.5 mm) 100.0 100.0 
3/8" (9.5 mm) 99.3 99.1 
1/4" (6.25mm) - - 
No. 4 (4.75 mm) 73.8 67.8 
No. 8 (2.36 mm) 50.5 38.5 
No. 16 (1.18 mm) 35.5 - 
No. 30 (600 µm) 25.8 8.5 
No. 50 (300 µm) 18.1 - 
No. 100 (150 µm) 13.8 - 
No. 200 (75 µm) 11.2 - 
3.3 Superpave Mixture Designs 
 Each mixture design was completed according to the Superpave mix design method.  In addition, 
the Bailey Method was used as an additional tool to evaluate the aggregate structure of the mix design.  
Mr. Robert Bailey developed the method during the 1980’s and it allows users to adjust mixture designs 
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to reach the volumetric requirements of Superpave (29).  Properties such as gradation and unit weights are 
entered into an Excel VBA program shown in Figure 12 and percentages of fine and coarse aggregate are 
toggled to produce acceptable sieve ratios.  These ratios evaluate the percentages of aggregate passing 
specific sieves based upon the NMAS of the mixture and the gradation type.  In this study, the mixture 
was chosen to be 9.5mm NMAS fine-graded mixture.  According to the Bailey Method, a fine-graded 
mixture derives its strength and load capacity through the fine aggregate of the mixture.  Therefore, the 
natural sand fraction of the mixture was minimized due to the rounded nature of the particles. 
 
 
Figure 12.  Bailey Method Excel VBA Program 
The Superpave requirements of a 9.5mm NMAS 70 gyration mixture are shown below in Table 4.  The 
design gyration total of 70 gyrations was determined when considering a mid-to-low volume road with 20 
year traffic levels between 3 and 10 million ESALs.  This type of roadway was chosen because a high 
RAP WMA field trial would likely begin here instead of a major highway receiving greater than 10 
million ESALs in a 20 year span. 
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Table 4 - Superpave Requirements 
20 yr Traffic Number of Gyrations 
3 to < 10 
Nini Ndes Nmax 
8 (7) 100 (75) 160 (115) 
Required Density 
Nini Ndes Nmax 
≤ 89.0 96.0 ≥ 98.0 
VMA (min %) VFA Range (%) 
15 65-75 
Dust to Effective Binder Ratio 
0.6-1.2 
  
Several assumptions were made in order to complete the mixture design process.  First, all 
mixture designs occurred with unmodified PG 64-22 at the HMA mixing and compacting temperatures.  
Consequently, WMA additives were assumed to have no significant effects upon the volumetric 
properties of the asphalt mixtures.  Research into this area has shown that this assumption may or may not 
be valid depending on several factors including production temperatures.  Second, the true RAP gradation 
was assumed to be present at the time of mixing.  In other words, all agglomerations were considered to 
be sufficiently broken down at the mixing temperatures.  This assumption is difficult to confirm at WMA 
production temperatures because the agglomerated particles require sufficient heat to break apart.  Next, 
the RAP binder content was assumed to remain constant.  This assumption must be considered because 
virgin asphalt binder addition was calculated based upon the chosen percentage of RAP in the mixture.  
Finally, total blending of RAP and virgin asphalt binder was assumed to occur.  As a result, the 
percentage of virgin binder was reduced according to this assumption. 
 The virgin mixture design did not include RAP material.  Table 5 and Figure 13 (blue curve) 
display the chosen gradation and its subsequent combined plot.  (The blend gradation is shown in the 
Appendix.) 
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Table 5 - Virgin Mixture Blend 
Aggregate Blend Percentage 
CM16 36.4 
FM20 42.2 
FM02 20.0 
MF 1.4 
 
 
Figure 13.  Virgin and 45% RAP Mixture Design Gradations 
As shown in Table 5, the sand fraction of the mixture equaled 62.2% of the total blend and the 
manufactured sand was added at a rate of 42.2%.  This large percentage of manufactured sand led to a 
high percentage of material passing the #200 sieve and a high dust to percent effective binder ratio. 
However, this result was a consequence of limiting the amount of natural sand added to the blend.  The 
natural sand’s lack of angularity presents significant challenges in field placement and has the tendency to 
cause mixture tenderness.  The chosen virgin blend passes through the restricted zone according to 
Superpave standards as shown in Figure 13.  Although this region was considered off limits in the past, 
research in the past decade has shown that mixtures passing through the restricted zone do not display 
poor performance on a continual basis (30).  Therefore, this mixture design was considered to be 
acceptable. 
 A three point mixture verification procedure was completed to determine the target asphalt 
content for the virgin mixture.  Originally, an asphalt content of 6.7% produced satisfactory voids in the 
mineral aggregate, VMA, and air void contents.  Consequently, the three point verification occurred at 
asphalt contents of 6.2, 6.7, and 7.2%.  The results of the verification are shown below in Figures 14 and 
15 and Table 6.  As seen in Figure 14, the target air void content of 4.0% was reached at 6.7% asphalt 
binder.  Furthermore, the calculated VMA and VFA at 
approximately 15.3% and 73.7%, respectively.  
determined to be equal to 1.2.  Therefore, although the sand fraction was significant in this virgin mixture, 
all Superpave requirements were met.  (The maximum theoretical specific gravity and bulk mixture 
specific gravity versus asphalt content 
performance specimens were produced using the percentages discussed in t
chapter. 
Figure 14.  Virgin Mixture Voids vs. AC Content Plot
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6.7% asphalt binder were found to be 
Finally, the dust to percent effective binder was 
plots are provided in the Appendix.)  After mix design
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Figure 15
Table 6 
Volumetric Property
Effective Binder
Dust/Effective Binder
 The 45% RAP mixture design included the use of passing 3/8” RAP material and replacement 
aggregate for the manufactured sand.  The gradation plot and blending percentages are shown in Figure 
13 (red curve) and Table 7, respectively.
Appendix.) 
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.  Virgin Mixture VMA vs. AC Content Plot 
- Virgin Mixture Volumetrics 
 Percentage 
Air Voids 4.0 
VMA 15.3 
VFA 73.7 
 4.9 
 1.2 
 
  (The blend gradation is provided in tabular form in the 
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Table 7 - 45% RAP Blend 
Aggregate Blend Percentage 
CM16 21.0 
FM20* 15.1 
FM02 17.7 
MF 1.2 
RAP 45.0 
 
The manufactured sand was replaced in this mixture due to its high dust content.  Dust and RAP have the 
propensity to reduce the VMA of mixtures so the FM20 material was adjusted in order to create an 
aggregate structure that satisfied VMA requirements.  The adjustment to the FM20 sand occurred with the 
use of manufactured sand that passed the #8 sieve and was retained on the #30 sieve.  The adjusted FM20 
gradation is shown in the Appendix.  The percentage of natural sand was kept relatively constant with the 
addition of 45% recycled material as well.  The use of 20% or less natural sand reduces the effect of the 
rounded nature of these sand particles.  Finally, the RAP mixture was required to approach the volumetric 
quantities of the virgin asphalt concrete mixture.  Therefore, the gradation of the 45% RAP mixture was 
chosen to be approximately equal to the virgin gradation (within several tenths of a percent) at each sieve. 
 A three point mixture verification procedure was completed to determine the target asphalt 
content for the 45% RAP mixture.  A total asphalt content of 6.2% was originally used to produce 
satisfactory voids in the mineral aggregate, VMA, and air void contents.  This asphalt content was 
approximately 0.5% less than the virgin asphalt mixture content.  However, due to the reduction of dust 
present in the manufactured sand, the total asphalt binder required to sufficiently coat the asphalt binder 
was reduced in the RAP mixture.  The assumption of total blending had an effect upon the total virgin 
asphalt content.  As stated previously, this assumption leads to a reduction in the virgin asphalt binder 
fraction required.  Approximately 3.9% virgin asphalt binder was added to the aggregate and RAP 
particles within this mixture due to the total RAP binder content available.  The three point verification 
occurred at total asphalt contents of 5.7, 6.2, and 6.7%.  The results of the verification are shown below in 
Figures 16 and 17 and Table 8.  Figure 16 displays the target air void content of 4.0% was reached at 
6.2% asphalt binder.  In addition, the calculated VMA and VFA at 6.2% asphalt binder were found to be 
approximately 15.3% and 73.3%, respectively.  Finally, the dust to percent effective binder was 
determined to be equal to 1.4 which was slightly higher than the Superpave maximum value.  However, 
the effective asphalt content of the 45% RAP mixture was equal to that of the virgin mixture.  Therefore, 
the dust to effective asphalt binder ratio was considered acceptable in this case.  (The maximum 
theoretical specific gravity and bulk mixture specific gravity versus asphalt cont
the Appendix.) 
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Volumetric Property
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ent plots 
- 45% RAP Mixture Volumetrics 
 Percentage 
Air Voids 4.0 
VMA 15.3 
VFA 73.3 
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Figure 17.  45% RAP Mixture VMA vs. AC Content Plot
3.4 Asphalt Binder and Mixture Performance Tests
3.4.1 Brookfield Rotational Viscometer Test
 The Brookfield Rotational Viscometer (RV) 
of asphalt binders.  A normal RV set
1350C at a rate of 20RPM in order to determine the asphalt 
Superpave, this result must be less than 3.0 Pa
regulates the use of the Brookfield RV test.  Viscosity
use of this equipment.  According to the ASTM standard, temperatures are held constant for a period of 
10min prior to testing in order to ensure uniform
viscosity through the use of a torque transducer 
The acceptable torque range lies between 2 and 98% for RV machines so spindle changes are acceptable 
in order to meet the torque criteria.  Finally, changing the rotational speed of the spindle during a 
viscosity-temperature profile test is only acceptable if the material is a Newtonian fluid.  Otherwise, the 
asphalt binder is shear rate dependent.
 Six total WMA specimens were prepared for RV testing during this study.  As stated previously, 
an unmodified PG 64-22, 2 percentages of Sasobit and Advera
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is a device commonly used to quantify the viscosity 
-up is shown in Figure 18.  Typically, the RV test is conducted at 
binder’s pumpability.  According to 
-s to pass PG specifications for fluidity.  ASTM D4402 
-temperature profiles can be determined through the 
ity within the sample.  The RV device calculates 
for testing conducted under constant rotational speed
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tested.  A #21 spindle was used throughout the tests.  Ten gram samples were tested at approximately 
100C increments to fully capture the viscosity-temperature relationship of each additive.  Rotational 
speeds were changed during the testing at elevated temperatures in order to maintain acceptable 
maximum torque percentages.  This speed change was not deemed significant because the materials were 
behaving in a Newtonian fashion at the elevated temperatures. 
 
Figure 18.  Brookfield Rotary Viscometer 
3.4.2 Bending Beam Rheometer Test 
 The Bending Beam Rheometer (BBR) tests asphalt binder at low temperatures.  Specifically, 
BBR tests are generally conducted on PAV aged asphalt binders to examine the potential for thermal 
cracking in asphalt mixtures.  Asphalt binder beams are poured at high temperatures and slowly cooled to 
low temperatures prior to testing.  The beam tests are intended to determine the stiffness and rate of stress 
relaxation.  Time-temperature superposition principles are used in this test to conduct the test within a 240 
second period of time.  Standard beam theory is used to determine the stiffness of the asphalt binder and 
the following equation is used to determine the stiffness profile: 
 
     	 
   	  
 
Furthermore, the m-value parameter is the slope of the stiffness profile.  Sample output from the Cannon 
BBR at the University of Illinois is shown below in Figure 19.  As shown in the output, the stiffness and 
m-value at 60 seconds are chosen as the results of interest.  PAV binder stiffnesses must be less than 300 
MPa and m-values greater than 0.300 must occur at the testing temperature in order for the asphalt binder 
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to pass the Superpave specifications according to AASHTO T-313 and be considered low temperature 
cracking resistant. 
 
Figure 19.  Sample BBR Output from Cannon System 
 Twelve different types of asphalt binder were tested using the BBR throughout this study.  The 
six unmodified and WMA binders tested in the Brookfield RV were tested in the unaged tank and short-
term aged RTFO states.  Three replicates of each type were included to determine the variability and the 
average stiffness and m-value.  Finally, all tests were conducted at -120C. 
3.4.3 Hamburg Wheel Tracking Test 
 The Hamburg Wheel Tracking test (Hamburg test) is a commonly used performance test to assess 
measures the rutting resistance of asphalt mixtures.  The test device is shown in Figure 20 and is specified 
by AASHTO T-324.  Hamburg testing is generally conducted in water at 500C to induce both rutting and 
moisture damage.  The number of passes run during a test is dependent upon the high temperature asphalt 
binder grade.  For example, PG 64-22 mixtures are generally run for 10,000 passes.  The load applied by 
the steel wheel is approximately 158lbs.  External LVDT’s are used to determine the maximum rut depths 
at regular pass intervals.  Finally, several parameters are calculated upon completion of the test and 
include:  the creep slope, stripping slope, stripping inflection point, and maximum rut depth.  The creep 
and stripping slopes represent the slopes of the rut depth profile before and after reaching the stripping 
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inflection point.  The stripping inflection point is the point at which the rut depth begins to increase at an 
increasing rate with respect to the number of passes applied.  The presence of stripping can also be 
validated by visually examining the tested material.  Finally, the maximum rut depth is the rut depth 
present at the end of the test. 
 Hamburg testing in this study was conducted on each of the eight WMA and HMA mixtures.  
Gyratory specimens which were 130mm in height were cut in half and given flat faces to produce a 
geometry as shown in Figure 21 (31).  Finally, the heights of the two sides of the gyratory specimen were 
adjusted in to reach equal heights and avoid dynamic loading.  All Hamburg tests were conducted for a 
duration of 20,000 passes to examine the full rutting resistance capabilities of RAP mixtures.  
Furthermore, all specimens were compacted to approximately 7.0% air voids to comply with AASHTO 
T-324 standards and four replicates were completed for each mixture. 
 
Figure 20.  Hamburg Wheel Tracking Device 
 
Figure 21.  Hamburg Gyratory Specimen Molds 
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3.4.4 AASHTO T-283 Moisture Sensitivity Test 
 Moisture sensitivity testing was completed using the AASHTO T-283 (TSR) method.  This test 
was originally developed to conform to Marshall Mix Design methods, but was introduced as the final 
step of the Level I Superpave Mix Design procedure as well.   The TSR test consists of conditioning and 
testing stages.  In the conditioning stage, half of all specimens are conditioned using a freeze/thaw cycling 
procedure while the other half is allowed to remain unconditioned.  The sets are broken down such that 
each set’s average air contents are approximately equal.  The conditioned set is saturated with water 
between 70 and 80%, frozen for 16 hours at -180C, and thawed for 24 hours at 600C. Afterward, the 
conditioned and unconditioned specimens are brought to 250C prior to measuring the indirect tensile 
strength of all asphalt concrete specimens.  Consequently, the quotient of the average indirect tensile 
strengths of the conditioned to unconditioned specimens is calculated to determine the tensile strength 
ratio, TSR, parameter.  In general, researchers conclude that TSR results greater than 80% are acceptable.  
Finally, a rating 0 (least stripped) to 5 (significantly stripped) is given for visual stripping of the fine and 
coarse aggregate particles. 
 Similar to the Hamburg testing, TSR tests were conducted on each of the WMA and HMA 
mixtures.  Six total gyratory specimens were compacted to 95.0mm and 7.0% air voids for each mixture 
to produce testing sets consisting of 3 gyratory samples.  The test was conducted at a rate of 50mm/min 
using a Humboldt loading frame with a 10kN load cell as shown in Figure 22. 
 
 
Figure 22.  Humboldt Loading Frame for TSR Testing 
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3.4.5 Disk-Shaped Compact Tension (DC(T)) Test 
The DC(T) test is a low temperature mixture test conducted in accordance with ASTM D7313-07.  
This test measures the fracture resistance of asphalt mixtures by characterizing the pre-peak and post-peak 
load-CMOD behavior.  The primary testing result is a measure of fracture energy which is calculated by 
determining the area under the load-CMOD plot.  (An example plot is shown in Figure 23.)  The test is 
conducted using a servo-hydraulic system that allows it to be run under strain control at a CMOD opening 
rate of 1.0mm/min. A conditioning chamber surrounds the testing set-up in order to maintain constant 
temperatures.  Furthermore, a LabVIEW program is generally used to collect data from the servo-
hydraulic system.  In addition to a CMOD gauge, δ-25 gauges are attached to the sides of specimens at 
the crack tip to differentiate the total fracture energy from the creep opening of the specimen arms.  An 
example of the DC(T) testing arrangement equipped with CMOD and δ-25 gauges is provided in Figure 
24. 
 
Figure 23.  Typical DC(T) Load-CMOD Plots 
Figure 
DC(T) specimens are produced through cutting gyratory specimens.  These specimens are cut 
such that 50mm thick specimens with smooth top and bottom faces
precise cuts, a water-cooled carbide-
tile saw to allow placement of the crack mouth opening displacement (CMOD) gage points.  Afterward, 
core holes were inserted using a coring machine to place connections for the loading fixtures.  Finally, 
notch was cut using the straight edge tile saw.
All mixtures in this study were tested using this fracture test.  Four replicates of each mixture 
with approximately 7.0% air voids were tested at 
resistance and the variability associated with each mixture set.  In this case, an Instron 8500 with a 10kN 
Instron load cell was used to complete the testing.  The 10kN load cel
accuracy with loads below 4kN. 
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24.  DC(T) Testing Arrangement 
 are produced.  In order to 
tipped masonry saw was used.  Then, a straight edge was cut using a 
 
-120C in order to characterize the average fracture 
l was chosen due to its increased 
create 
the 
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Chapter 4 – Analysis of Results 
 This chapter presents the performance testing results and analysis for asphalt binders and 
mixtures.  Two sections are presented in this chapter.  First, WMA-modified and unmodified PG64-22 
asphalt binders were analyzed using RV and BBR tests to determine the asphalt binder high, intermediate, 
and low temperature properties.  Second, WMA and HMA virgin and 45% RAP mixtures were tested 
using TSR, Hamburg, and DC(T) performance tests to examine the mixtures’ moisture sensitivity, rutting 
resistance, and fracture resistance. 
4.1 Asphalt Binder Performance Test Results and Analysis 
 The RV test was completed on the modified and unmodified asphalt binders to examine the 
individual viscosity-temperature relationships.  The results are plotted in Figures 25-27 on a log-log scale.  
As shown in Figure 25, Advera additives did not significantly change the viscosity-temperature profile of 
asphalt binder in comparison with the control PG 64-22 binder.  In addition, increased percentages of 
Advera additives increased the viscosity of the asphalt binder throughout the suite of test temperatures.  
Consequently, Advera tended to stiffen the asphalt binder as the percentage of Advera increased from 0.2 
to 0.5%.  Finally, Advera-modified and unmodified binder viscosities at the high temperature range, 
between 160 and 1800C, were not likely different.  This observation contradicts the plot shown in Figure 
25, but was considered possible because the viscosities were just within the acceptable torque range of the 
Brookfield RV which may have caused slight inaccuracies. 
 
Figure 25.  Advera Viscosity Plot 
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 The Sasobit viscosity-temperature profile displayed the most deviation from the unmodified PG 
64-22 asphalt binder profile.  The viscosity of the modified asphalt binder did not show a dependency on 
additive percentage because the viscosities of 1.5 and 3.0% Sasobit modified asphalt binders were 
approximately the same at all temperatures.  At temperatures above 900C, the results were approximately 
similar to those found by Prowell and Hurley (2005) (15).  Sasobit is considered a flow enhancing or 
viscosity reducing material at production temperatures so this behavior was captured and verified during 
this experiment.  At temperatures below 900C, Sasobit no longer acted as a flow enhancer and 
significantly increased the viscosity.  Therefore, the wax additive tended to transform into a semi-solid 
material that stiffened the asphalt binder. 
 
Figure 26.  Sasobit Viscosity Plot 
 Figure 27 displays the viscosity-temperature plot of Evotherm M1 modified asphalt binder.  As 
shown in this plot, there is no significant difference in viscosity at any of the testing temperatures.  This 
result was not initially anticipated, but was considered viable upon examining the function of Evotherm 
3G (M1) additives.  This type of additive reduces the friction between the asphalt binder and the 
aggregate.  Consequently, Evotherm M1 affects the chemical bonding at the material surface rather than 
the viscosity of the asphalt binder.  Therefore, this WMA technology would have the potential to produce 
a viscosity-temperature profile similar to that shown in Figure 27. 
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Figure 27.  Evotherm Viscosity Plot 
 Several observations can be taken from the RV testing results.  First, the assumption that WMA 
technologies reduce production temperatures by reducing the asphalt binder viscosity is not valid in all 
cases.  Some technologies, such as Advera and Evotherm, do not significantly alter the viscosity-
temperature relationship of the asphalt binder.  Therefore, other properties such as the ionic nature of the 
modified asphalt binder may be the actual causes for improved workability and reduced production 
temperatures. 
 The Bending Beam Rheometer (BBR) apparatus was used in this experiment to examine the low 
temperature cracking susceptibility of the modified and unmodified asphalt binders.  The results are 
plotted in Figures 28-31.  As shown in Figures 28 and 29, an increased concentration of Advera increased 
the stiffness, decreased the m-value of the asphalt binder, and lead to increased low temperature 
susceptibility.  RTFO short-term aging further reduced the m-value and increased the bending beam 
stiffness.  This result was anticipated because RTFO conditioning simulates the aging which occurs 
during the early service life of the asphalt concrete.  As stated previously, 0.25% Advera by weight of the 
mixture, the chosen concentration for mixture performance testing, displayed slightly higher stiffness in 
comparison with the unmodified binder.  Therefore, the Advera DC(T) fracture resistance may be slightly 
less than the control HMA mixture. 
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28.  Tank and RTFO Binder M-Values 
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 The Evotherm modified asphalt binder displayed similar results 
binder.  First, RTFO short-term aging reduced m
unmodified control binder.  Next, as shown in Figure 30, the tank and RTFO aged Evotherm samples 
were not significantly stiffer than the control binder
the unmodified binder.  Consequently, the asphalt concrete mixture’s fractu
improved by the use of Evotherm as compared to the control HMA.
Figure 30.  Evotherm Tank and RTFO Binder Stiffness
 Sasobit modified asphalt binder deviated significantly from the other modified and unmod
binders at low temperatures.  First, as shown in Figure 31, the m
increased after the conditioning process.  This was not anticipated because all other asphalt binders 
displayed reduced m-values after the RTFO aging peri
exhibited significantly greater stiffness
occurred because the RV results displayed the increased stiffness of the Sasobit binder below 90
wax present at low temperatures should significantly increase stiffness at low temperatures as well.  
Finally, due to the stiffening effect of this wax additive, the DC(T) fracture resistance of Sasobit modified 
asphalt mixtures should be significantly l
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in comparison to the Advera 
-values and increased the stiffness relative to the 
 and the tank m-value was significantly higher than 
re resistance is likely 
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Figure 31
 Three conclusions can be made with respect to the BBR results for WMA additive modified and 
unmodified asphalt binders.  First, increasing the 
improve the low temperature binder properties of asphalt binders.  
recommendations must be adhered to in order to improve fracture resistance.  Next, RTFO aging of 
modified asphalt binders produces expected results in which stiffnesses increase and m
As a result, the RTFO and Pressure Aging Vessel can 
binder similar to general PG grade binders.  Finally, Sasobit 
than the other WMA additives at low temperatures
will likely display considerably lower fracture resistance than the other asphalt binders presented in th
study. 
4.2 Asphalt Mixture Performance Test Results and Analysis
 The Hamburg Wheel Tracking device was employed to examine the rutting resistance WMA and 
HMA mixtures in this study.  Several assumptions and conditions were chosen with the use of the 
Hamburg test.  First, although other studies have presented 4 hour aging periods for WMA mixtures, a 2 
hour oven aging period was chosen in this experiment to examine the worst case scenario in which the 
asphalt binder is aged to a minimal degree.  Furthermo
aging period in order to effectively discuss fracture and rutting resistance.  A 12.5mm rut depth was also 
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.  Sasobit Tank and RTFO Binder Stiffness 
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considered a maximum for the Hamburg test.  This value was chosen to match the maximum rut depth 
considered by many state agencies including the Texas Department of Transportation. 
 The virgin mixture Hamburg test results are shown in Table 9 and Figures 32 and 33.  Several 
observations can be made from these results.  First, all mixtures reached a 12.5mm rut depth prior to 
reaching 10,000 wheel passes.  Consequently, each mixture could be rutting susceptible with the use of 
virgin aggregate.  Moisture sensitivity was also present in each of the virgin mixtures.  As shown in 
Figure 34, asphalt binder was stripped from the aggregate throughout the test and led to increased 
permanent deformation after the stripping inflection point. 
Table 9 - Virgin Hamburg WTD Rutting Results 
Specimen 
Inverse Creep Slope 
(p/mm) 
Stripping 
Inflection Point 
Inverse Stripping 
Slope (p/mm) 
Control 1181.1 3320 313.8 
Evotherm 370.5 1800 157.8 
Sasobit 1517.9 4040 288.1 
Advera 494.1 2390 169.5 
 
 
Figure 32.  Virgin Mixture Rut Depth Profiles 
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Figure 33.  Virgin Mixture Wheel Passes to Maximum Rut Depth
Figure 34.  Moisture Sensitivity of Virgin Mixture Specimen
 The results display that WMA additives had significant effects upon the rutting resistance of the 
virgin asphalt mixtures.  As shown in Figure 32, the Sasobit and control HMA mixtures behaved similarly 
while the Evotherm and Advera mixtures failed at a considerably lower number of wheel passes.  The 
Sasobit mixture performed better than all other mixtures in terms of th
meet the failure depth and the associated inverse creep and stripping slopes.  This result was anticipated 
due to the stiffening effect of the wax additive.  The Evotherm and Advera mixtures 
rutting resistance in comparison with the virgin control HMA.  These results were also foreseen due to the 
0
1000
2000
3000
4000
5000
6000
7000
Control
Virgin Mixture Wheel Passes to 12.5mm Rut Depth
41 
 
 
 
 
 
e number of passes required to 
displayed reduced 
Advera Sasobit Evotherm
 
42 
 
contents of these WMA additives.  Evotherm M1 acts as an emulsifying agent so the asphalt binder and 
aggregate interface bond was likely softened and led to increased rutting.  Also, the presence of residual 
water in the Advera mixture may lead to increased stripping potential which reduces the asphalt mixture’s 
ability to resist permanent deformation. 
 The 45% RAP mixtures exhibited significantly different results in terms of Hamburg rutting 
resistance.  The results are presented in Figures 35 and 36 and Table 10.  As shown in Figure 35, all 
mixtures met the 10,000 pass requirement prior to reaching a rut depth of 12.5mm.  The mixtures 
displayed significantly different rutting profiles with the presence of 45% RAP.  In this case, the control 
HMA exhibited the best rutting resistance followed by the Sasobit, Evotherm, and Advera WMA 
mixtures.  Evotherm and Advera reached the 12.5mm rut depth limit after 10,000 wheel passes.  In 
addition, each of these mixtures exhibited a stripping inflection point and displayed stripped aggregate 
similar to Figure 34.  The Sasobit and control HMA mixtures did not exhibit true stripping inflection 
points.  This result is validated by Figure 37 in which little to no asphalt binder was stripped from the 
aggregate during the testing period.  The Sasobit and control HMA mixtures switched rankings when 
comparing 45% RAP and virgin mixtures.  This change was likely due to variability within the RAP 
material because the percentage of Sasobit added to the total asphalt binder remained constant for each 
mixture design. 
 
Figure 35.  45% RAP Mixture Rut Depth Profiles 
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Figure 36.  45% RAP Mixture Rut Depths at 10,000 Wheel Passes
Table 10 - 45% RAP Hamburg WTD Results
Specimen 
Inverse Creep 
Slope (p/mm)
Control 5813.0
Evotherm 2839.8
Sasobit 4218.2
Advera 1657.7
Figure 37
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 Several general observations can be made with regard to the Hamburg results for virgin and RAP 
mixtures in this study.  First, RAP significantly improved the rut resistance of each WMA and HMA 
mixture.  As a result, binder blending must occur to some degree to behave differently from virgin 
mixtures.  Second, the potential reduction in aging due to reduced production temperatures for the WMA 
modified mixtures did not have considerable effects upon the results.  The additives’ individual attributes 
had a much more appreciable effect upon the rutting resistance of the virgin mixtures.  The potential 
residual moisture in the Advera mixtures and the emulsifying effect of the Evotherm additive likely led 
these mixtures to display the least rutting resistance.  Furthermore, the Sasobit mixture exhibited the 
closest performance to the control HMA.  This effect was likely caused by the stiffening effect of the wax 
present in Sasobit additives. 
 Moisture sensitivity testing was completed using the AASHTO T-283 TSR procedure.  The virgin 
mixture results are presented in Table 11 and Figure 38.  As shown in Table 11, strengths are not shown 
as indirect tensile strengths because of the types of failure present were not of the indirect tensile variety 
in all cases.  The most common type of failure in these mixture sets occurred due to punching so material 
strengths may not be true measures of indirect tensile strength at intermediate temperatures.  The results 
in Figure 38 display that Evotherm M1 was the only mixture that passed the 80% minimum TSR rating.  
However, this mixture stripped a considerable amount in the fine and coarse aggregate as shown in Figure 
39.  Therefore, this mixture should also be considered a potentially moisture susceptible asphalt concrete.  
The strength retention in the Evotherm mixtures was likely caused by the ionic nature of this additive 
because Evotherm additives can be engineered to improve bonding based upon the aggregate present in 
the mixture.  As stated previously, the other WMA and HMA mixtures failed by considerable margins.  
These failed results were likely caused by the moisture sensitivity of limestone aggregates.  Furthermore, 
Advera mixtures exhibited the greatest moisture sensitivity among all mixtures.  This result was caused 
by a combination of poor quality aggregate and the potential residual moisture present in the Advera 
additives.  Due to the poor moisture sensitivity results, anti-stripping agents may be a requirement for 
WMA additives such as Advera. 
 
Table 11 - Virgin Mixture TSR Results 
Mix Type Conditioned Str. (kPa) Unconditioned Str. (kPa) TSR Visual Rating 
Control 483.3 726.0 67% 5 
Advera 443.3 859.8 52% 5 
Sasobit 519.9 857.0 61% 5 
Evotherm 635.7 743.9 86% 3 
 
Figure 38.  TSR Results for Virgin HMA and WMA Mixtures
            
Figure 39.  (a) Unconditioned Evotherm TSR Sample (b) Conditioned Evotherm TSR Sample
 Similar to the Hamburg results, the WMA and HMA mixtures exhibited improved performance 
with the presence of 45% RAP.  These results agreed with the Middleton and Forfylow (2009) results for 
Double Barrel Green mixtures containing recycled materials.  
Figure 40 and Table 12.  In all cases except Evotherm M1, TSR values increased considerably with RAP 
included in the mix design.  However, Evotherm remained the only mixture that passed the TSR 
requirement.  The average strengths of the conditioned and unconditioned TSR specimens increased as 
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well.  In several cases, mixture strengths increased by as much as 
mixtures displayed less moisture sensitivity than the virgin mixtures.  This 
RAP particles have a stiffer asphalt coating that is less likely to be stripped.  Finally, the rankings of 
moisture sensitivity remained the same with respect to the virgin and 45% RAP mixtures.  Consequently, 
the WMA technologies’ properties had significant effects upon performance because 
would not have occurred in the case that production temperatures affected results more than additive 
properties.   
 
Table 12 
Mix Type Conditioned Str. (kPa
Control 1030.1 
Advera 812.2 
Sasobit 917.0 
Evotherm 1052.1 
Figure 40.  45% RAP HMA and WMA Mixture TSR Results
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600kPa.  Overall, the 45% RAP 
may have occurred because the 
ranking consistency 
- 45% RAP Mixture TSR Results 
) Unconditioned Str. (kPa) TSR Visual Rating
1354.8 76% 
1152.1 70% 
1232.1 74% 
1218.3 86% 
 
 
Advera Sasobit Evotherm
 
4 
4 
4 
3 
 
 The disk-shaped compact tension (DC(T)) test results 
susceptibility and are shown in Figures 41 and 42.  The error bars represent the high and low values 
within each data set.  Furthermore, tabular results which include pe
presented in the Appendix.  The virgin mixtures displayed the greatest variation in 
energies.  Consequently, WMA additive properties 
temperature performance than lessened aging due to production temperatures
will likely exhibit slight to moderate transverse cracking because the fracture energy is approximately 25 
J/m2 less than the 400J/m2 optimum for asphalt mixtures as reported by 
Advera WMA mixture displayed a reduced fracture resistance when compared to the control HMA.  As a 
result, the foaming process’ residual moisture may cause damage due to the phase transformation of water 
to ice at approximately 00C and lead to 
the worst fracture performance of all virgin mixtures.  The stiffening effect of the Sasobit wax additives 
leads to mixtures that are unable to undergo toughening mechanisms
likely produce the most thermal cracking in comparison with the other virgin mixtures.  
emulsifying effect of the Evotherm additive 
mixture in comparison with the control HMA.  This asphalt binder displayed the least stiffness in terms of 
the BBR results so the softening caused
Figure 41.  DC(T) Results for Virgin HMA and WMA Mixtures
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describe the low temperature cracking 
ak loads and δ25 fracture energies are 
CMOD 
likely have a more significant effect upon 
.  The virgin HMA mixture 
Cascione et al. (2011
lessened fracture energy.  The Sasobit WMA mixtures exhibited 
.  Consequently, this mixture will 
may have improved the fracture resistance this WMA 
 by Evotherm M1 was anticipated. 
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low 
) (33).  The 
Finally, the 
 
0C)
 The presence of 45% RAP reduced fracture resistance by a significant amount as shown in Figure 
42.  In several cases, the average CMOD fracture energy decreased by as much as 100J/m
of 45% RAP.  This result was anticipated due to the aged stiffness of the R
lead to significant transverse cracking.  
stated in the Hamburg results section, asphalt binder blending must have occurred to some degree in this 
study.  That particular observation agrees with the DC(T) results because RAP had a significant effect 
upon the fracture resistance of each mixture.
the presence of 45% RAP.  This large amount of recycled material may have more of an effect upon 
fracture resistance than the addition of WMA additives.  Further research would be required to deter
how WMA and low RAP contents interact in terms of low temperature fracture testing.  Finally, Advera 
and Evotherm WMA mixtures switched in terms of the highest ranking material.  This result was not 
anticipated because WMA additive percentages remaine
instance to determine if this trend remains the same or if 
 
Figure 42.  DC(T) Results for 45% RAP HMA and WMA Mixtures
0
50
100
150
200
250
300
350
400
HMA
CM
O
D
 G
f
(J
/m
2 )
CMOD Gf Results for 45% RAP Mixtures (
48 
 
AP particles and will likely 
Consequently, binder grade adjustments may be necessary.  
  The differences in CMOD fracture energy were lessened by 
d constant.  Additional testing is required in this 
RAP variability was the underlying cause.
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Chapter 5 – Summary, Conclusions, and Recommendations for Future 
Research 
5.1 Summary 
 Warm mix asphalt and reclaimed asphalt pavement are by far the most prevalent approaches 
available for the asphalt community to address sustainability.  WMA technologies have the ability to 
reduce production temperatures and subsequently reduce fuel consumption and emissions production.  
Furthermore, the use of a recycled material such as RAP can reduce the amount of virgin aggregate and 
the energy required to produce this aggregate.  In terms of engineering qualities, WMA can improve 
compaction and increase the allowable RAP concentrations while RAP has the potential to reduce rutting 
susceptibility.  However, WMA and RAP can cause performance issues with respect to moisture, rutting, 
and fracture resistance among others.  Therefore, these sustainable materials must be properly understood 
and possibly used in combination to balance the triple bottom line as required in a sustainable system. 
 This study evaluated this concept through several avenues.  First, a literature review was 
conducted in order to evaluate WMA technologies and their subsequent performance.  In addition, the 
literature review included a section on RAP to determine its effect upon performance and the factors that 
lead to successful RAP use.  Afterward, asphalt binder testing was conducted to determine the viscosity-
temperature profiles of WMA modified and unmodified asphalt binders at moderate and high 
temperatures.  Low temperature binder evaluations were also conducted to determine how asphalt binder 
stiffness was affected by the presence and concentration of WMA additives.  Finally, virgin and RAP 
WMA and HMA mixtures were designed and tested in order to determine their respective rutting, 
moisture, and fracture resistances.  The key findings identified throughout this study are summarized 
below: 
1. WMA additives do not necessarily reduce the viscosity of the asphalt binder at production 
temperatures in all cases.  In two out of three cases in this study, modified asphalt binder 
viscosity was not significantly different from unmodified binder viscosity throughout the test 
temperatures. 
2. WMA additives produced increased BBR stiffness in comparison with unmodified asphalt binder.  
Consequently, the addition of WMA additives must be optimized to avoid potential distresses 
such as thermal cracking. 
3. Rutting resistance may be problematic for non-wax modified WMA mixtures.  Chemical and 
foaming additive displayed reduced rutting resistance when compared with control HMA and 
Sasobit WMA mixtures. 
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4. Moisture sensitivity is a significant issue for the majority of WMA additives.  As a result, anti-
stripping agents or hydrated lime may be required to address this performance distress. 
5. Fracture resistance differed significantly among the WMA additives.  Therefore, the data suggests 
that reduced production temperatures do not have an appreciable effect on DC(T) fracture energy. 
6. Finally, RAP may in some circumstances lead to reduced rutting and moisture susceptibility of 
WMA mixtures as characterized by the Hamburg and TSR tests, respectively.  However, the 
reduced fracture resistance of RAP mixtures must be considered in order to produce quality 
asphalt concrete mixtures because WMA additives and reduced mixing temperatures alone were 
not sufficient to reduce the embrittlement of this study’s mixtures upon inclusion of 45% RAP. 
5.2 Conclusions 
 The following conclusions were gathered from the findings above: 
1. Reduced viscosities at production temperatures are not the primary cause for the lessened 
production temperatures available in all WMA technologies.  Other factors such as chemical 
composition must be considered as well. 
2. The properties of WMA technologies have a significant effect upon the fracture, moisture, and 
rutting resistance of asphalt concrete mixtures.  Therefore, the proper technology must be chosen 
to produce the desired result and performance testing appears to be a necessary component in the 
design of sustainable mixtures containing WMA and RAP. 
3. The addition of RAP to WMA has the potential to significantly improve the performance of these 
mixtures at intermediate to high temperatures.  However, sufficient care must be taken in terms of 
virgin binder grade adjustments and virgin aggregate type to ensure adequate cracking resistance. 
5.3 Recommendations for Future Research 
 This study provides an introduction into the effects of WMA technologies and RAP material on 
asphalt concrete performance at intermediate and low temperatures.  However, further research is 
recommended in order to extend the findings in the following areas: 
1. Performance examination of low and moderate levels of RAP in WMA mixtures.  This research 
may provide practitioners and researchers with a RAP percentage range that produces optimal 
performance in terms of rutting, moisture, and fracture resistance. 
2. Performance prediction model employment to examine the long-term performance of RAP 
WMA mixtures.  This research could provide practitioners with a glimpse of the performance of 
RAP WMA mixtures beyond the field performance available to date. 
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3. Development of a performance specification for WMA mixtures.  The vast number of 
technologies requires the use of a performance specification to reduce potential misuse of WMA. 
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Chapter 7 – Appendix 
 
Table A1 - Virgin Mixture 
Gradation 
Sieve Sizes % Passing 
1" (25.0 mm) 100.0 
3/4" (19.0 mm) 100.0 
1/2" (12.5 mm) 100.0 
3/8" (9.5 mm) 98.8 
1/4" (6.25mm) 86.9 
No. 4 (4.75 mm) 77.2 
No. 8 (2.36 mm) 55.3 
No. 16 (1.18 mm) 34.4 
No. 30 (600 µm) 21.4 
No. 50 (300 µm) 11.7 
No. 100 (150 µm) 7.5 
No. 200 (75 µm) 5.8 
 
 
Figure A1 – Virgin Mixture Theoretical Maximum Specific Gravity 
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Figure A1 - Virgin Blend Gmm
AC Optimization Data
Previous Batch with Same Gradation
Gmm at Design AC% = 2.465
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Figure A2 – Virgin Mixture Bulk Specific Gravity 
 
Table A2 - 45% RAP Mixture 
Gradation 
 Sieve Sizes % Passing 
1" (25.0 mm) 100.0 
3/4" (19.0 mm) 100.0 
1/2" (12.5 mm) 100.0 
3/8" (9.5 mm) 99.1 
1/4" (6.25mm) 84.1 
No. 4 (4.75 mm) 75.2 
No. 8 (2.36 mm) 56.8 
No. 16 (1.18 mm) 34.0 
No. 30 (600 µm) 20.8 
No. 50 (300 µm) 12.2 
No. 100 (150 µm) 8.5 
No. 200 (75 µm) 7.0 
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Gmb at Design AC% = 2.366
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Table A3 – Adjusted FM20 
Gradation  
Sieve Sizes % Passing 
1" (25.0 mm) 100.0 
3/4" (19.0 mm) 100.0 
1/2" (12.5 mm) 100.0 
3/8" (9.5 mm) 100.0 
1/4" (6.25mm) 100.0 
No. 4 (4.75 mm) 100.0 
No. 8 (2.36 mm) 99.6 
No. 16 (1.18 mm) 48.2 
No. 30 (600 µm) 2.2 
No. 50 (300 µm) 1.2 
No. 100 (150 µm) 1.2 
No. 200 (75 µm) 1.2 
  
 
Figure A3 – 45% RAP Mixture Theoretical Maximum Specific Gravity 
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Figure A4 – 45% RAP Mixture Bulk Specific Gravity 
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